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Mitf encodes a basic helix-loop-helix-leucine-zipper (bHLHzip) protein that is known to function in the development of
melanocytes, pigmented epithelial cells (PECs), osteoclasts, and mast cells. In this paper, we report on the isolation,
expression, and overexpression of the chicken Mitf and discuss the role of its protein product in the differentiation and
transdifferentiation of PECs. Northern blotting showed that chicken Mitf is predominantly expressed in embryonic retinal
pigmented epithelium (PE), but is expressed at low levels in other tissues. A 5* RACE analysis revealed differences in the
5* region of Mitf mRNA in PE and other tissues. Immunological analysis revealed that Mitf, the protein encoded by Mitf,
is ®rst detected in the nuclei of the optic vesicle cells at embryonic stage 13 in a restricted region covered with mesenchymal
cells. From stage 14 to 24, the speci®c staining is observable in the PE and precursor of the PE, the outer layer of the optic
cup. In embryos at stages later than stage 29 the signals for Mitf in the future iris, ciliary body, and posterior retinal regions
become faint. These results show that expression of Mitf starts at the optic vesicle stage at which no other marker genes
for PECs such as mmp115 and tyrosinase are expressed. Dedifferentiation of cultured retinal PECs (rPECs) was induced
by phenylthiourea and testicular hyaluronidase, bFGF, or TGF-b. Mitf expression was inhibited by these factors and
reactivated during redifferentiation of the dedifferentiated cells into rPECs, showing the correlation between Mitf expression
and rPEC differentiation. Retrovirus-mediated overexpression of Mitf inhibited bFGF-induced dedifferentiation and transdif-
ferentiation of rPECs to both lens and neural cells. These ®ndings showed that downregulation of Mitf expression is essential
for the transdifferentiation of rPEC. Mitf overexpression caused hyperpigmentation in cultured rPECs and suppressed the
changes in gene expression induced by bFGF. Mitf overexpression promoted expression of mmp115 and tyrosinase in bFGF-
treated rPECs suggesting a critical role for Mitf in rPEC differentiation. Mitf overexpression, however, did not promote
expression of another rPEC-speci®c gene, pP344, in bFGF-treated rPECs. This result suggests the presence of other regulatory
genes promoting rPEC differentiation. The expression patterns of pax6 and Mitf are complementary both in vivo and in
vitro. Overexpression of Mitf inhibited expression of pax6 in cultured rPECs. These observations suggest that Mitf regulates
pax6 expression negatively. q 1998 Academic Press
INTRODUCTION cona, 1957; Eguchi and Okada, 1973; Okada et al., 1975).
Pigmented epithelial cells (PECs) of the adult newt and em-Transdifferentiation from dissociated cells of the verte-
bryonic chicken are capable of transdifferentiation into ei-brate eye has been demonstrated in various species (Mos-
ther neural retinal cells or lens cells (Eguchi, 1993; Eguchi
and Kodama, 1993; Kodama and Eguchi, 1995). The results1 Present address: Institute for Virus Research, Kyoto University, of studies involving the in vitro transdifferentiation of em-
Shogoin, Sakyo-ku, Kyoto 606, Japan.
bryonic chicken retinal PECs (rPECs) suggest that soluble2 Present address: Biohistory Research Hall, 1-1 Murasaki-cho,
factors, including bFGF, play a critical role in the inductionTakatuki, Osaka 569-11, Japan.
of this transdifferentiation to both lens and neural retinal3 Present address: Department of Biology, University of Pennsyl-
cells (Hyuga et al., 1993; Itoh and Eguchi, 1986a; Pittack etvania, 415 South University Ave., Philadelphia, PA 19104-6018.
al., 1991) and that the extracellular matrix plays a role in the4 Present address: Kumamoto University, 39-1 Kurokami
2-chome, Kumamoto 860, Japan. stabilization of rPEC differentiation (Eguchi and Kodama,
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Kobuchizawa, Japan, and used in experiments involving retrovirus1993; Mazaki et al., 1996; Yasuda, 1979). PEC-speci®c genes
infection. Developmental stages were determined by the methodare inactivated in dedifferentiated PECs during transdiffer-
of Hamburger and Hamilton (1951) and as indicated by the numberentiation (Agata et al., 1993; Mochii et al., 1988b), but the
of days of incubation.mechanisms of transcription during transdifferentiation are
not understood.
Mitf encodes a transcriptional factor with a basic helix- Culture of rPECs from Chicken Embryos
loop-helix-leucine-zipper (bHLHzip) motif that is mainly
expressed in PECs and melanocytes (Hodgkinson et al., Retinal PECs from 5- and 9-day-old embryos were isolated and
cultured as described (Itoh and Eguchi, 1986a; Kosaka et al., submit-1993; Hughes et al., 1993). Many mutations in the mouse
ted for publication). The basic culture medium was Eagle's MEMMitf have been reported to induce a variety of abnormalities
(Nissui, Tokyo, Japan) supplemented with 8% fetal calf serumin the melanocytes, eye, osteoclasts, and mast cells (Green,
(FCS). Dedifferentiation of the rPECs was induced by culturing1986; Stechschilte et al., 1987; Scholtz and Chan, 1987;
them in medium containing 10% dialyzed FCS, phenylthioureaChan and Scholtz, 1988; Green, 1989; Hero, 1989; Hero
(0.5 mM), and testicular hyaluronidase (Boehringer-Mannheim, In-
et al., 1991; Lamoreux et al., 1992; Kasugai et al., 1993; dianapolis, IN; 250 units /ml) (Itoh and Eguchi, 1986b). In some
Krakowsky et al., 1993; Hodgkinson et al., 1993; Hughes et experiments, recombinant human bFGF (Pepro Tech EC Ltd., Lon-
al., 1993; Steingrimsson et al., 1994; Nii et al., 1995; Smith don, UK) or TGF-b (King Brewing Co., Kakogawa, Japan) was added
et al., 1995). Mutations in the human Mitf were reported to the medium to a ®nal concentration of 10 ng/ml (Ando et al.,
to be associated with Waardenburg syndrome type 2 (Nobu- 1995; Hyuga et al., 1993).
kuni et al., 1996; Tassabehji et al., 1994). Mitf transactivates
pigment cell-speci®c genes such as tyrosinase, TRP-1, and
Analysis of RNA and cDNAQNR-1 by binding to the M-box sequence in the regulatory
region of these genes (Bentley et al., 1994; Bertolotto et al.,
Total RNA was extracted and puri®ed from embryonic tissues
1996; Hemesath et al., 1994; Turque et al., 1996; Yasumoto or cultured cells using Trizol according to the manufacturer's in-
et al., 1994; Yavuzer et al., 1995). Tachibana et al., reported structions (Gibco BRL, Gaithersburg, MD). Poly(A)/ RNA was pre-
that transfection of NIH/3T3 ®broblasts with Mitf induced pared from RNA of 9-day-old embryonic rPECs using oligo(dT)
a melanocytic pattern of gene expression and melanocytic beads, Oligotex-dT30 (Daiichikagaku, Tokyo, Japan). A lZAPII
cDNA library was constructed using mRNA of the rPECs with themorphology (Tachibana et al., 1996). Opdecamp et al., re-
Uni-ZAP kit (Stratagene, La Jolla, CA). For RT-PCR analysis cDNAported an essential role for Mitf in melanocyte development
was synthesized by incubation of total RNA (50 ng/ml), MMLV(Opdecamp et al., 1997). These ®ndings support the hypoth-
reverse transcriptase (1 unit/ml; Gibco BRL), and random hexadeox-esis that Mitf is a master regulator in melanocyte develop-
ynucleotide primer (100 mM) at 377C for 1 h.ment. Small eye, abnormal optic ®ssure, and retinal cells
A 426-bp fragment of mouse Mitf cDNA was ampli®ed using theand reduced eye pigment are also reported with some Mitf
primers 5*-CGGAATTCACCTCTACAGCAACCAGGG-3* and 5*-
alleles (Chan and Scholtz, 1988; Hero, 1989, 1991; Green, CGAAGCTTCGGTGGATGGGATAAGGGA-3* from the cDNA
1989; Smith, 1995). Although a crucial role for Mitf in PEC synthesized using total RNA extracted from adult mouse heart.
development is suggested by morphological analyses of Mitf The sequences of the 5* primer with an EcoRI site and 3* primer
mutant mice (Scholtz and Chan, 1987; Boissy et al., 1993; with a HindIII site were designed from the cDNA sequence of the
mouse Mitf (Hodgkinson et al., 1993). The PCR was carried outSteingrimsson et al., 1994), the precise role of Mitf in PEC
with 1 ml of the cDNA product, 5* and 3* primers (1 mM each), anddevelopment is not so clear.
Taq polymerase (2.5 units; Perkin±Elmer, Norwalk, CT) in 50 mlIn this study we isolated the chicken homologue of Mitf
of reaction mixture for 35 cycles of 1 min at 947C, 1.5 min at 557C,cDNA and analyzed the expression of the gene and its pro-
and 1.5 min at 727C. The ampli®ed fragment was ligated into antein product during PEC differentiation both in vivo and in
EcoRI- and HindIII-digested Bluescript KS vector (Stratagene) andvitro. In addition, we infected cultured PECs with a Mitf-
sequenced using the Taq Dye terminator cycle sequencing kit (Per-
carrying retrovirus to identify the role of Mitf in the differ- kin±Elmer) and a DNA sequencer (ABI Model 373; Perkin±Elmer).
entiation and transdifferentiation of PEC. The mouse Mitf cDNA was used to screen a chicken rPEC library.
The hybridization was performed at 657C in 51 SSC±51 Den-
hardt's solution (Maniatis et al., 1982) containing SDS (0.5%), dena-
tured salmon sperm DNA (100 mg/ml; Sigma Chemical Co.), andMATERIALS AND METHODS
32P-labeled probe and followed by washing at 507C in 21 SSC±0.1%
SDS. The probe was labeled with an Oligolabelling kit (PharmaciaAnimals
Biotech Inc., Piscataway, NJ). The inserts of the positive clones
were excised in vitro and sequenced. The nucleotide sequence ofWhite Leghorn chicken embryos were used for cell culture and
RNA preparations. Autosomal albino mutant chickens (Ca) (Oet- cmi9, the longest insert, will appear in the DDBJ, EMBL, and Gen-
Bank nucleotide databases under Accession No. D88363.ting et al., 1985) were used for in situ hybridization and immuno-
logical staining. PECs of the Ca embryos have a normal amount of The procedures of blotting and hybridization for Northern analy-
sis were described previously (Agata et al., 1984; Mochii et al.,the tyrosinase transcript, although the tyrosinase activity is unde-
tectable (Mochii et al., unpublished results). Fertilized, retrovirus- 1988b). MM-2 cDNA for the 115-kDa melanosomal matrix protein
(MMP115, Mochii et al., 1988b, 1991), Cty-18 cDNA for chickenfree white Leghorn eggs (C/O strain; Morgan and Fekete, 1996)
were obtained from the Nippon Institute for Biological Science, tyrosinase (Mochii et al., 1992), pP344 cDNA (Agata et al., 1993; Iio
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et al., 1994), and b-actin cDNA (Agata et al., 1993) were described protein using a protoOn kit (Multiple Peptide Systems Inc., San
Diego, CA).previously. The 1236-bp cDNA fragment for chicken Pax6 was
ampli®ed from a cDNA synthesized from 3-day-old embryo RNA For immunological staining frozen sections prepared as described
above were ®xed with 4% paraformaldehyde in PBS for 10 min.using the primers 5*-CGGAATTCCA(AG)AA(CT)AG(CT)CA(CT)-
AG(CT)GG(ATGC)GT-3* and 5*-CGAAGCTTTGGCCAATAC- After washing with PBS for 10 min sections were incubated with
PBS containing FCS (10%) for 30 min and then incubated with theTGAGACATGTCAGG-3* and cloned into an EcoRI- and HindIII-
digested Bluescript SK plasmid by the procedure described above. anti-GST±Mitf antibody diluted 500-fold in PBS containing FCS
for 1 h at room temperature. Sections were washed three timesFour overlapping fragments covering the protein-coding region of
the chicken Mitf cDNA were ampli®ed by the RT-PCR as described with PBS and incubated with HRP-conjugated anti-rabbit IgG (Bio-
Rad Laboratories, Hercules, CA) diluted 500-fold in PBS containingabove using the following primer pairs: 5*-GCCCCTGGTAGA-
AGCTGAG-3* and 5*-CTCAGGGCTTGGTTGGCGT-3* for frag- FCS for 1 h at room temperature. After washing with PBS three
times, the speci®c signals were detected in 0.5 M acetic acid (pHment A (406 bp), 5*-GCGGCAGCAGGTAAAGCAG-3* and 5*-
TATTAGGAAGATTAGCTGGACA-3* for fragments B (353 and 5.1) with 0.02% 3-amino-9-ethylcarbazole (Aldrich Chemical Co.,
Milwaukee, WI) and 0.035% H2O2. Cultured cells were ®xed in437 bp), 5*-CAGGACTTAACATCAGCAACT-3* and 5*-TTCTTG-
TTTGATGACCCTGTT-3* for fragment C (437 bp), and 5*-CTT- methanol for 10 min. After washing with PBS, they were processed
by the procedure described above. Monoclonal antibodies againstTGCTCCCCTGATATGG-3* and 5*-CTACTGATAAAGCAC-
AAGAAAC-3* for fragment D (445 bp). b6-crystallin (Sawada et al., 1993) and neuro®lament-200 (Sigma
Chemical Co.) were used for detection of lens and neural cells,The 5* regions of the Mitf cDNAs were ampli®ed from cDNAs
of retinal PE, heart, and neural retina of a 9-day-old embryo using respectively.
the 5* RACE system (Gibco BRL). The ampli®ed fragments were
ligated into the pCR vector using a TA cloning kit (Invitrogen
Corp., San Diego, CA). The sequences of three independent clones Retrovirus
were determined for each tissue.
The 1584-bp fragment (75±1658) encoding the entire Mitf was
ampli®ed from the cmi9 cDNA with primers with ClaI sites, 5*-
GCATCGATGTCTTCCCACAGCAATTCCGA-3* and 5*-GCA-
In Situ Hybridization TCGATACTGGGCTACCGATGAAGCAC-3*, and ligated into
the ClaI site of the Bluescript KS plasmid. After the sequence of
Tissues were frozen with a Tissue-Tek embedding medium in the insert was con®rmed, the ClaI fragment was ligated into the
n-hexane chilled by liquid nitrogen. Frozen 10-mm-thick sections ClaI site of the RCAS(A) plasmid (Hughes et al., 1987). The retrovi-
were collected on slides covered with Vectabond (Vector Labora- rus containing the chicken Mitf cDNA was named RCASMitf. Vi-
tories Inc., Burlingame, CA) and dried at room temperature. The rus production and infection were performed according to the
sections were then ®xed with 4% paraformaldehyde in Dulbecco's method of Morgan and Fekete (1996). Retinal PECs of 9- and 5-day-
phosphate-buffered saline (PBS) for 10 min and treated with trietha- old C/O chicken embryos were isolated and cultured as described
nolamine and acetic anhydride (Schaeren-Wiemers and Ger®n- above. The cells were infected with RCAS and RCASMitf indepen-
Moser, 1993). Hybridization was performed at 727C for 24 h. The dently. The virus-infected rPECs were cultured with or without
hybridization mixture contained 50% (v/v) formamide (Wako bFGF.
Chemical, Osaka, Japan), 1 mM EDTA, 10 mM Tris±HCl (pH 7.5),
0.6 M NaCl, 2.5% (w/v) SDS, 10% (w/v) PEG 6000 (Nacalai Tesque
Inc., Kyoto, Japan), 200 mg/ml yeast tRNA (Sigma Chemical Co.,
RESULTS11 Denhardt's solution (Nacalai Tesque Inc.), and 1 mg/ml RNA
probe (Iio et al., 1994). DIG-labeled RNA probes were produced
using a DIG labeling kit (Boehringer-Mannheim). After hybridiza- Cloning and Sequencing of the Chicken Mitf cDNA
tion the slides were washed with 21SSC at 507C for 30 min twice
A lZAPII cDNA library was constructed using poly(A)/and the signals were immunologically detected with a nucleic acid
RNA isolated from the rPECs of 9-day-old chicken embryos.detection kit (Boehringer-Mannheim). The DIG-labeled RNA probe
After screening of the library with a mouse Mitf cDNAfor Mitf was synthesized using the BamHI/HindIII fragment (1391±
probe, the complete sequence of the longest inserts (cmi72606) of the cmi9 insert. The cDNAs of mmp115, chicken tyrosi-
nase, and chicken pax6 described above were also used for in situ and cmi9, 3 kb in length) was determined. A single long
hybridization. open reading frame was found in the two inserts (Fig. 1A).
A stop codon was found in frame in the 5* untranslated
region (positions 58±60) and a poly(A) signal in the 3* un-
translated region. The amino acid sequences deduced fromAntibody and Immunological Methods
the cmi7 and cmi9 sequences were identical except for a
A KpnI fragment (316±1321) of the cmi9 insert was subcloned 28-residue deletion in the cmi7 sequence (Fig. 1A). PCR
into the KpnI site of the pUC 18 vector. The EcoRI/SalI fragment analysis revealed that about half the cDNA clones had this
from the ligated plasmid was cloned into pGEX-4T-2 (Pharmacia deletion (data not shown). Since the deduced amino acid
Biotech Inc.). The GST±Mitf fusion protein was expressed and puri-
sequence of the chicken clones showed a high degree of®ed using a GST puri®cation module (Pharmacia Biotech Inc.) ac-
similarity with the mouse (Hodgkinson et al., 1993) andcording to the manufacturer's instructions. The puri®ed fusion pro-
human Mitf sequences (Tachibana et al., 1994), we con-tein was injected into a rabbit with complete Freund's adjuvant
cluded that the obtained cDNAs were the chicken homo-(Difco Laboratories Inc., Detroit, MI). Serum from the immunized
rabbits was af®nity puri®ed with immobilized GST±Mitf fusion logues of the mouse and human Mitf cDNAs: 87 and 90%
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of the amino acid residues are identical between the chicken splicing. For determination of whether tissue-speci®c tran-
scripts are also synthesized in the chicken embryo, RT-PCRand mouse and the chicken and human Mitfs, respectively
(Fig. 2A). The sequences of the potentially functional re- was carried out. Four pairs of primers were used to amplify
the entire protein-coding region of the Mitf cDNA as fourgions, such as the DNA-binding basic, dimerizing helix-
loop-helix-zipper, and activating acidic regions, are highly overlapping fragments using cDNAs prepared from the retinal
PE, brain, neural retina, liver, heart, and gizzard of the 9-day-conserved, while the N-terminal sequences are quite differ-
ent. The chicken Mitf sequence is longer than the mouse old embryos (Fig. 3B). The fragment encoding the N-terminal
region (fragment A in Fig. 3B) was ampli®ed from none of theMitf sequence by 55 amino acid residues at its N-terminus.
A difference in the N-terminal sequence in Mitf has been tissues except for the retinal PE, while the fragments for the
other three regions were ampli®ed from all the tissues. Thesereported between mouse melanocyte and heart Mitfs (Stein-
grimsson et al., 1994). Interestingly, the chicken N-terminal results show that the sequence variation in the Mitf mRNA
is in the region near the translation initiation site. The 5*sequence is homologous to the N-terminal sequence de-
duced from Mitf cDNA isolated from the mouse heart: 92% RACE technique was employed to determine the sequences
of the 5* regions of the Mitf mRNA from the retinal PE, heart,of the amino acid residues are identical between the 5*-
region sequences (Fig. 2B). For determination of whether and neural retina. The sequences of the 5* region of the Mitf
cDNA from the heart and neural retina are identical but differ-some chicken rPEC clones have a 5* region homologous to
the 5* region of the mouse melanocyte sequence, the 5* ent from that from the retinal PE in the region upstream of
the ®rst ATG. Another ATG is found in-frame in the heartsequences of all the chicken clones were determined. All
the Mitf cDNAs generated from mRNA isolated from the and the neural retinal sequences resulting in the deduced Mitf
sequence being 51 residues longer than the Mitf sequencechicken rPECs were found to have the same 5* region as
cmi7 and cmi9 and to be different from the mouse melano- deduced from the retinal PE-derived cDNA (Fig. 1B).
The expression of Mitf in the developing eye was analyzedcyte Mitf cDNA. Both the amino acid sequences deduced
from cmi7 and cmi9 cDNA sequences lack a 6-amino-acid- by in situ hybridization and compared with the expression
of the pigment cell-speci®c genes mmp115, encoding theresidue sequence upstream of the basic region (Fig. 1A),
while the 6-amino-acid-residue sequence is also absent in 115-kDa melanosomal matrix protein MMP115 (Mochii et
al., 1988b, 1991), and tyrosinase (Mochii et al., 1992) and athe Mitf sequence deduced from some mouse cDNA clones
(Hodgkinson et al., 1993). well-known regulatory gene in eye development, pax6 (Li
et al., 1994). When a stage 19 embryo was used, a speci®c
signal for Mitf was observed in the outer layer of the optic
Expression of Mitf in Chicken Embryos cup where mmp115 and tyrosinase were also expressed spe-
ci®cally (Figs. 4A±4C). In contrast, pax6 expression wasThe expression of Mitf in 9-day-old chicken embryos was
weak in the outer layer of the optic cup at stage 19 (Fig.analyzed by Northern blotting (Fig. 3A). A strong signal of
4D), while pax6 was expressed uniformly in all the opticabout 6 kb was detected in a lane containing RNAs isolated
vesicle cells at stage 11 (data not shown, Li et al., 1994).from retinal PE and weaker signals were detected in the lanes
Mitf expression was maintained in the PE layer of the stageof neural retina, brain, heart, liver, gizzard, and skin. The
24 embryo (Fig. 4E). No signals were found in the eye of asignals in lanes of tissues other than PE were not the result
hatched chick (data not shown).of cross-hybridization, because Mitf cDNA fragments were
ampli®ed from cDNAs prepared from mRNAs isolated from
the above tissues using the primers for Mitf (Fig. 3B), and their Expression of Mitf
sequences were con®rmed to be identical to those of cmi7
and cmi9 (data not shown). The expression of Mitf in nonpig- To analyze the expression of Mitf, a rabbit was immunized
with the Mitf±GST fusion protein, as described under Materi-mented tissues of the mouse was also reported (Hodgkinson
et al., 1993), and the 5* region of the Mitf mRNA from heart als and Methods. The speci®city of the antibody generated was
determined by immunological staining. Embryonic ®broblastsis different from that from melanocytes, as described above
(Steingrimsson et al., 1994), suggesting the occurrence of tis- were infected with the replication-competent retrovirus,
RCAS (Hughes et al., 1987), or the retrovirus encoding thesue-speci®c initiation of Mitf transcription and alternative
FIG. 1. Nucleotide and predicted amino acid sequences of the chicken Mitf cDNAs. (A) The nucleotide sequence of the chicken Mitf
cDNA (cmi9) isolated from embryonic retinal pigmented epithelium (PE). About half the cDNA clones lack the sequence shown by
lowercase letters (positions 561±644). The predicted amino acid sequence is shown below the nucleotide sequence. The open box shows
the basic region. The stippled boxes show the two helix domains. The leucine residues in the ZIP domain are circled. The region rich in
acidic amino acid residues and the poly(A) signal are underlined. (B) The nucleotide sequence of the 5* region of the chicken Mitf cDNA
isolated from the embryonic heart. The predicted amino acid sequence is shown below the nucleotide sequence. Another initiator
methionine residue is found in the region upstream of the ®rst methionine residue, boxed, in the sequence from the PE shown in A. The
arrows in A and B indicate the points upstream of which the sequences are quite different.
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FIG. 3. Expression of Mitf in embryonic tissues. (A) Total RNAs were isolated from tissues of 9-day-old chicken embryos and analyzed
by Northern blotting with the Mitf and b-actin probes. Each lane contains 20 mg of total RNA. (B) Analysis of the Mitf transcripts by RT-
PCR. The Mitf cDNAs of the protein-coding region were ampli®ed as four overlapping fragments from cDNAs synthesized using RNAs
of retinal PE, brain, neural retina, liver, heart, and gizzard of 9-day-old embryos. A±D show the expected fragments ampli®ed from cmi9
cDNA. Two fragments were ampli®ed for region B because some cDNAs lack an 84-bp sequence in this region (see Fig. 1).
chicken Mitf, RCASMitf, and stained with the anti-Mitf±GST embryo, the Mitf signal was intense and uniform in the
outer layer of the optic cup and at the margin of the innerfusion protein antibody (Figs. 5A and 5B). The antibody stained
the RCASMitf-infected cells but not the RCAS-infected cells. layer, the presumptive PE region (Fig. 5D). At stage 19, Mitf
was present throughout the presumptive PE region (Fig. 5E)When sections of the embryonic eye were stained with the
antibody, a speci®c signal for Mitf was found in the PE layer where mmp115 and tyrosinase are expressed (see Fig. 4). At
stage 23 (4 days), Mitf was localized throughout the PE layer,(Figs. 5F±5H). The region stained by the antibody is the same
as the eye region which showed a positive signal in the in while in the posterior region of the retina the signal was
weak (Fig. 5F). At stage 29 (6 days), an intense signal wassitu hybridization experiment (see Fig. 4). These observations
show that the antibody speci®cally recognizes the Mitf pro- restricted to the most anterior region of the retinal PE, while
staining in the presumptive iris and ciliary body region andtein. The signals were predominantly localized in the nucleus
in both the RCASMitf-infected ®broblasts (Fig. 5A) and the the posterior retina was weak (Fig. 5G). These observations
show that Mitf is expressed in the presumptive PE beforedeveloping PECs (Fig. 5H).
Frozen sections of the head region from albino embryos expression of the marker genes for the PE commences and
that the expression of Mitf is transient in PE development.(Ca, Oetting et al., 1985) at stages 12 to 35 (9 days) were
stained with the anti-Mitf±GST fusion protein antibody.
Mitf was ®rst detected in the optic vesicle at stage 13 (Fig.
Expression of Mitf in Cultured rPECs5C), at which no transcripts for mmp115 or tyrosinase were
detected by in situ hybridization (data not shown). The pres- When rPECs are cultured in a medium containing phenyl-
thiourea and testicular hyaluronidase, they lose their differ-ence of Mitf was restricted to the region covered by mesen-
chymal cells, the presumptive outer layer of the optic cup. entiated phenotypes, proliferate rapidly, and ®nally trans-
differentiate into lens cells (Itoh and Eguchi, 1986a,b). BasicMitf was not detected in the region facing the ectoderm,
the presumptive inner layer of the optic cup. In a stage 14 FGF also plays a role in the induction of the dedifferentia-
FIG. 2. Comparison of the Mitf sequences. (A) Alignment of the amino acid sequences predicted from the chicken, mouse (Hodgkinson
et al., 1993), and human (Tachibana et al., 1994) Mitf cDNA sequences. Asterisks show identical amino acid residues. The predicted
functional domains are indicated. (B) Alignment of the N-terminal amino acid sequences predicted from Mitf cDNAs isolated from the
chicken PE and the mouse heart (Steingrimsson et al., 1994).
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correlated with the differentiation of rPECs and is transcrip-
tionally regulated during dedifferentiation and redifferentia-
tion.
Overexpression of Mitf in Cultured rPECs
The results of the gene expression analysis of the cultured
rPECs suggest that Mitf induces the expression of rPEC-
speci®c genes mmp115 and tyrosinase and inhibits the ex-
pression of pax6 and that Mitf may induce rPEC differentia-
tion. To test this possibility, we infected cultured rPECs
with RCASMitf or RCAS. Infection with RCASMitf induced
the hyperpigmentation of rPECs, but no signi®cant changes
in morphology were observed in the RCASMitf-infected
cells (Figs. 7A, 7C, and 7G). The expression of pigment cell-
speci®c genes mmp115 and tyrosinase and pP344, which is
exclusively expressed in retinal PECs (Agata et al., 1993;
Iio et al., 1994), was not signi®cantly affected by Mitf over-
expression under the standard conditions, but the expres-
sion level of pax6 appeared to be slightly reduced in the
cells infected with RCASMitf (Fig. 8). When the cells were
treated with bFGF, they underwent marked changes in mor-
phology. Retinal PECs cultured in the absence of bFGF ex-
hibited a hexagonal cell shape and many pigment granules,
while bFGF-treated cells exhibited an irregular cell shape
and lost pigment granules (Figs. 7B and 7D). The cells in-
FIG. 4. Gene expression in developing eye. Sections of developing fected with RCASMitf exhibited the irregular cell shape but
eye from stage 19 (A±D) and stage 24 (E and F) embryos were hybrid- retained some pigment granules in the presence of bFGF
ized with Mitf (A and B), mmp115 (B and F), tyrosinase (C), and pax6
(Figs. 7F and 7H). The expression level of mmp115, tyrosi-(D) probes. Arrowheads indicate the outer layer of the optic cup (A±
nase, and pP344 was signi®cantly reduced in the cellsD) and PE layer (E and F). L, lens vesicle. Bar, 200 mm.
treated with bFGF, while overexpression of Mitf suppressed
the downregulation of the expression of mmp115 and tyrosi-
nase but not that of pP344 (Fig. 8). The amount of pP344
transcripts in RCASMitf-infected cells is much less thantion and transdifferentiation of rPECs (Hyuga et al., 1993).
Furthermore, TGF-b induces depigmentation and morpho- that in cells cultured in the absence of bFGF. The upregula-
tion of pax6 expression induced by bFGF was also sup-logical changes of rPECs (Ando et al., 1995), but does not
induce transdifferentiation of rPECs to lens cells or neural pressed by the Mitf overexpression (Fig. 9).
retinal cells (our observation; Park and Hollenberg, 1991;
Pittack et al., 1991). For elucidation of the regulation of
Mitf Inhibits the Transdifferentiation of rPECsMitf expression by soluble factors, gene expression was ana-
lyzed in rPECs cultured for 5 days in the presence of phenyl- The result of the experiment using RCASMitf showed that
the dedifferentiation of rPECs induced by bFGF was partiallythiourea and testicular hyaluronidase, bFGF, or TGF-b. The
expression of Mitf was markedly downregulated in the cells inhibited by Mitf overexpression and suggested that inactiva-
tion of Mitf is essential for the dedifferentiation of rPECs.incubated in the presence of the above factors (Fig. 6A). The
expression of the pigment cell-speci®c genes, mmp115 and If Mitf inactivation is essential for transdifferentiation, Mitf
overexpression may inhibit the transdifferentiation of rPECs.tyrosinase, was also downregulated, while the expression
of pax6 was slightly upregulated (Fig. 6A). To test this possibility, rPECs were isolated from 5-day-old
embryos, cultured with RCASMitf or CRAS for 4 days, andMitf expression was not detected in rPECs cultured for 1
month in medium containing phenylthiourea and testicular then cultured for an additional 10 days with bFGF. The cul-
tured rPECs lost pigment granules, proliferated, and differenti-hyaluronidase. The cells started to express Mitf at high lev-
els when redifferentiation was induced by replacing the cul- ated into lens or neural cells in the presence of bFGF. Both
lens cells labeled with anti-b6-crystallin antibody and neuralture medium with the basic medium (Fig. 6B). Expression
of mmp115 was also induced during the redifferentiation. cells labeled with anti-neuro®lament-200 antibody were ob-
served frequently in the control culture (Figs. 9A and 9C).The amount of mmp115 transcripts increased from day 1
to day 7 of the redifferentiation, while that of the Mitf tran- When cells were infected with RCASMitf, most of them were
heavily pigmented but some cells were labeled with anti-b6-scripts appeared to reach a maximum on day 5.
The results described above show that Mitf expression is crystallin or anti-neuro®lament antibody (Figs. 9B and 9D).
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FIG. 5. Expression of Mitf in retrovirus-infected cells and developing eye. (A and B) Embryonic ®broblasts were infected with the
RCASMitf (A) or RCAS (B) virus and stained with the anti-Mitf±GST fusion protein antibody. Bar, 50 mm. (C±H) Sections of developing
eye from stage 13 (A), 14 (B), 19 (C), 24 (D), 29 (6-day-old, E), and 35 (9-day-old, F) embryos were stained with the anti-Mitf±GST fusion
protein antibody. Arrowheads indicate the optic vesicle. L, lens; PE, pigmented epithelium; NR, neural retina. Bar, 200 mm.
The number of cells labeled with anti-b6-crystallin or anti- grimsson et al., 1994). The 5* region of Mitf mRNA from
chicken rPECs is, however, not homologous to that of mouseneuro®lament antibody was considerably reduced in the
RCASMitf-infected culture. These results showed that Mitf mRNA from melanocytes but is homologous to that of mouse
heart mRNA. The 5* region of Mitf mRNA from chicken heartoverexpression inhibited the transdifferentiation of rPECs to
both lens cells and neural cells. and neural retina has a unique sequence and is homologous
to neither that of mouse Mitf mRNA from heart nor melano-
cytes. Analysis of the 5* region suggests that a tissue-speci®c
mechanism is involved in transcriptional initiation and alter-DISCUSSION
native splicing in Mitf expression and that the mechanism is
different between mammals and birds.Structure of the Chicken Mitf cDNA
The 5* region of the chicken Mitf mRNA differs between Mitf Activates the Pigment Cell-Speci®c Genesthe rPECs and cells of other tissues such as heart and neural
retina. Similarly, the 5* region of the mouse Mitf mRNA has Mouse and human Mitf have been shown to transactivate
the pigment cell-speci®c genes for tyrosinase, TRP-1, andbeen reported to differ between melanocytes and heart (Stein-
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FIG. 6. Gene expression in cultured retinal pigmented epithelial cells (rPECs). (A) Retinal PECs from 9-day-old embryos were cultured
in standard medium, medium containing phenylthiourea (PTU) and testicular hyaluronidase (HUase), medium containing bFGF (10 ng/
ml), or medium containing TGF-b (10 ng/ml). RNAs were prepared from the cells cultured for 5 days in the above medium and analyzed
by Northern blotting. Each lane contains 20 mg of total RNA. (B) RNAs from the cultured PECs were analyzed by Northern blotting. PEC,
rPEC cultured in the basic medium; dePEC, dedifferentiated rPEC, obtained by culturing the rPEC for 1 month in the medium containing
PTU and HUase; rePEC, redifferentiated rPEC, obtained by culturing the dePEC in the basic medium for 1, 3, 5, or 7 days.
QNR-71 by binding to M-box sequences in the promoter mature neural retina (Macdonald and Wilson, 1996; Martin
et al., 1992; PuÈ schel et al., 1992). Several studies haveregions (Bentley et al., 1994; Bertolotto et al., 1996; Heme-
sath et al., 1994; Turque et al., 1996; Yasumoto et al., 1994; shown that pax6 binds to speci®c promoter sites and acti-
vates the transcription of lens-speci®c crystallin genesYavuzer et al., 1995). Our observation that Mitf expression
precedes the expression of mmp115 and tyrosinase in the (Cvekl et al., 1994, 1995a,b; Richardson et al., 1995). From
these results it may be postulated that pax6 expression pro-presumptive PE region is consistent with the above ®nd-
ings. The overexpression of Mitf promoted the expression of motes the differentiation of lens cells and neural retinal
cells in development and induces the transdifferentiationmmp115 and tyrosinase in rPECs treated with bFGF which
markedly reduced the expression of these genes in the con- of rPECs into these cell types. This may explain the upregu-
lation of pax6 expression in rPECs treated with soluble fac-trol cells. This result suggests that Mitf transactivates both
mmp115 and tyrosinase. Furthermore, our in vitro transfec- tors, as described above. Alternatively, pax6 may have a
role in maintaining the undifferentiated state of cells in thetion assay results show that the avian Mitf transactivates
the CAT gene ¯anked by the mmp115 promoter (Mochii et developing eye. In either case, Mitf is likely to support rPEC
development by promoting expression of the pigment cell-al., unpublished results).
speci®c genes and inhibiting pax6 expression.
Mitf Inhibits pax6 Expression
Effect of Growth Factors on Mitf Expressionpax6 is expressed uniformly in the eye rudiment at the
optic vesicle stage and pax6 expression is repressed in the Basic FGF has been shown to induce the dedifferentiation
and transdifferentiation of rPECs both in vivo (Park andouter layer of the optic cup and PE layer at later stages (see
Fig. 4; Li et al., 1994). Mitf is predominantly detected in Hollenberg, 1989) and in vitro (Hyuga et al., 1993; Pittack
et al., 1991). Halaban et al., reported that Mitf expressionthe outer layer of the optic cup and PE layer, showing the
complementary expression of the two genes during eye de- in melanocytes was downregulated by bFGF (Halaban et al.,
1996). Their result and our observation that Mitf expressionvelopment. This complementary expression is also ob-
served in cultured rPECs. Dedifferentiation of rPECs in- in rPECs is downregulated by bFGF suggest that Mitf is one
of the targets of bFGF. TGF-b also induces the downregula-duced by culturing in medium containing phenylthiourea
and testicular hyaluronidase, bFGF, or TGF-b is accompa- tion of Mitf expression, and the morphology of TGF-b-
treated cells is similar to that of bFGF-treated cells (Ando etnied by downregulation of Mitf and upregulation of pax6
expression. These results suggest a regulatory interaction al., 1995). However, the effects of these two peptide growth
factors on rPEC differentiation are fundamentally different:of gene expression between Mitf and pax6. In fact, overex-
pression of Mitf suppresses the upregulation of pax6 expres- bFGF induces transdifferentiation of rPECs while TGF-b
does not (our observation; Park and Hollenberg, 1991; Pit-sion in rPECs treated with bFGF.
pax6 expression is maintained in several cell types of the tack et al., 1991). Our observation that both of the growth
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FIG. 7. Cultured rPECs infected with retroviruses. Retinal PECs from 9-day-old embryos were infected with the RCAS (A±D) or the
RCASMitf (E±H) virus and cultured for 5 days with (B, D, F, and H) or without (A, C, E, and G) bFGF (10 ng/ml). C, D, G, and H show
the same ®elds as in A, B, E, and F, respectively, without the phase contrast. Bar, 100 mm.
factors induce inactivation of Mitf suggests that the bFGF tively, the Mitf expression may be regulated by bFGF and
TGF-b via quite different pathways. The latter hypothesisand TGF-b signals may be transduced in part via the same
pathway in the suppression of Mitf expression. Alterna- is supported by the fact that the signal transduction path-
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presumptive PE region at the optic vesicle stage when no
other marker genes for PEC are expressed. This Mitf expres-
sion is the ®rst indication of PEC development, and Mitf
may be one of the direct targets of an unidenti®ed signal
from the mesenchymal cells. Identi®cation of the mecha-
nisms of induction of Mitf expression should help in the
identi®cation of the signal from the mesenchymal cells
which promotes PE development.
The phenotypes of mice with a mutant Mitf (Green, 1989;
Lamoreux, 1992; Krakowsky et al., 1993; Steingrimsson et
al., 1994; Moore, 1995; Boissy and Lamoreux, 1995) and
patients with Waardenburg syndrome type 2 (Tassabehji et
al., 1994; Nobukuni et al., 1996) suggest that Mitf plays an
essential role in melanocyte development. Tachibana et al.,
showed that transfection of Mitf induces NIH3T3 ®bro-
blasts to exhibit a melanocyte-speci®c morphology and to
express tyrosinase and TRP-1 (Tachibana et al., 1996). Re-
cently, Opdecamp et al., demonstrated an essential role for
Mitf in melanocyte development (Opdecamp et al., 1997).
These observations support the hypothesis that Mitf is a
master regulator in melanocyte development, in a manner
similar to bHLH factors in muscle development and neuro-
genesis (Kadesch, 1993; Jan and Jan, 1994; Weintraub, 1993).
The small eye phenotype is observed in some mice carrying
mutations in the Mitf locus (Green, 1989; Moore, 1995;
Steingrimsson et al., 1994). In the mi/mi mouse, a defect
in PE development causes a coloboma (Scholtz and Chan,
1987). These observations support the hypothesis that Mitf
is a master regulator in the development of both PECs and
melanocytes. Our results show that the expression of Mitf
is correlated with rPEC differentiation and that Mitf overex-
pression induces expression of pigment cell-speci®c genes,
mmp115 and tyrosinase, and support the above hypothesis.
However, overexpression of Mitf does not induce pP344 ex-FIG. 8. Gene expression in the rPECs infected with the retrovi-
pression in bFGF-treated rPECs. Furthermore, overex-ruses. The PECs infected with the RCAS or RCASMitf were cul-
pression of Mitf does not suppress bFGF-induced morpho-tured for 5 days with or without bFGF (10 ng/ml) and analyzed by
Northern blotting. The control lane shows results for rPECs not logical change: bFGF-treated PECs showed the irregular cell
infected with any virus. Each lane contains 20 mg of total RNA. shape regardless of whether they had been infected with
RCASMitf. These results show that the dedifferentiation
induced by bFGF is not completely restored by Mitf overex-
pression and suggest that additional mechanisms are in-
ways for these two growth factors are quite different. The volved in the regulation of rPEC development.
bFGF signal is mainly transduced by the MAPK cascade
(Hartley et al., 1994; Graves et al., 1994), while the TGF-b
Role of Mitf in the Transdifferentiation of rPECssignal is transduced by Smad proteins (Zhang et al., 1996;
Massague, 1996). The former hypothesis cannot, however, Retinal PECs can transdifferentiate into either lens cells
be discounted, because it was shown that TGF-b-activated or neural cells in the presence of bFGF. To elucidate the
kinase-1, TAK-1, acts as MAPKKK in the MAPK cascade role of Mitf in the transdifferentiation of rPECs, the cells
(Yamaguchi et al., 1995). were infected with an Mitf-expressing retrovirus and treated
with bFGF. In our experiment, Mitf overexpression caused
a signi®cant reduction in the numbers of both cells labeledRole of Mitf in PEC Development
with anti-b6-crystallin and anti-neuro®lament antibodies.
This result showed that Mitf overexpression inhibits thePECs differentiate from cells of the outer layer of the
optic cup, while the neural retina is derived from the inner transdifferentiation into both lens and neural cells and sug-
gested that Mitf inactivation is an essential step for thelayer. The outer layer is formed from the optic vesicle region
surrounded by the mesenchymal cells which promote PEC transdifferentiation of rPECs. It is also suggested that Mitf
functions not only in promoting rPEC differentiation butdifferentiation (Lopashov, 1963). Mitf is expressed in the
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FIG. 9. Inhibition of transdifferentiation by Mitf overexpression in cultured rPECs. Retinal PECs were isolated from a 5-day-old embryo,
cultured with RCAS (A and C) or RCASMitf (B and D) for 4 days, and then incubated with bFGF for an additional 10 days. Cells were
stained with anti-b6-crystallin (A and B) or anti-neuro®lament-200 antibody (C and D). Arrows show positive signals for b6-crystallin (B)
and neuro®lament-200 (D). Bar, 200 mm.
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